Many descriptions of yeast species are based on a limited number of strains collected at one time from a single locale. Often, little is known of phenotypic or genotypic variation and covariation within species. We compare 36 strains of an asexual cactophilic yeast, Candida sonorensis, collected from Opuntia cacti. Comparisons were based on geographical distances between collection locales, responses to physiological assimilation and stress tests, random amplified polymorphic DNA (RAPD) profiles, partial Lage Subunit (LSU) rDNA sequences, relative DNA^DNA hybridization values, and electrokaryotypes. There was significant variation among strains in all types of data collected. Comparisons among the different data types found significant positive associations between RAPD profiles, geographical distances, physiologies, reassociation values, and electrokaryotypes. No significant associations were found between rDNA sequences and any other type of variation measured. Based on RAPD, reassociation, electrokaryotype, and physiological data, the 36 strains could be divided into two groups: those collected in West Texas (nine strains) and all others. RAPD data indicated that 10 (of 12) Australian strains also formed a distinct clade. The taxonomic and phylogenetic status of these clades is discussed. Evidence that new genotypes can sweep through large geographic areas is also discussed.
Introduction
Candida sonorensis (Miller, Pha¡, Miranda, Heed and Starmer) Meyer and Yarrow [1, 2] is an asexual yeast species found only in the decaying tissue of cacti. However, within this narrow habitat it has been collected from every species of cactus known to support a yeast community, no matter where in the world the cactus was sampled [3] . It is among the most commonly isolated cactophilic yeasts and, like many yeasts from that habitat, it is oligotrophic, assimilating 18 out of 48 carbon sources used for identi¢ca-tion and fermenting only glucose [4] . It is unusual for yeasts from cacti in that it assimilates methanol. A second notable feature is the lack of reported phenotypic variation. The original description does not list any variable characteristics and Meyer et al. [4] list only two out of 69 traits that vary. This is fewer than virtually any other sexual or asexual species from this habitat (Ganter, unpublished data) . Considering the species' wide geographic range and asexual mode of reproduction, this homogeneity must be considered unusual. In this paper, we use several methods to assess genetic variation among strains from a narrow portion of the host range (only Opuntia species) but a large geographic range (Texas, Florida, and Australia) to determine whether the low level of phenotypic variation correlates with a low level of genetic variation.
The assessment of genetic variability may be done in several ways in the absence of a sequenced genome for reference. We have chosen DNA^DNA reassociation, ran-dom ampli¢ed polymorphic DNA (RAPD) assay, rDNA sequencing, and electrokaryotyping. Each has its strengths and weaknesses but the use of multiple methods on the same strains allows comparison of the methods in addition to assessing genetic variation in C. sonorensis. DNA^DNA reassociation has been considered the best means of assessing relatedness among similar yeast species [5] . However, the rapidly escalating e¡ort needed to study large numbers of strains and the inability to infer phylogenies from reassociation data have limited its use. A recent advance in this technique has reduced the e¡ort needed [6] and we used a large number of strains as probes in the work reported here. RAPD data are much easier to collect and can be used to infer phylogenies, but worries about reproducibility and suitability at the speci¢c level have limited the use [7^11]. The second concern may not be as important when studying asexual species such as C. sonorensis because the dividing line between strain and species is both theoretically and practically less obvious. Sequence data from Large Subunit (LSU) rDNA have recently gained acceptance as an accurate way to infer yeast species phylogenies, although little has been published about variation among yeast strains from a single species. Finally, little is known about yeast karyotype variation outside laboratory, pathogenic and commerciallyvaluable species, or how such variation correlates with other measures of variation in natural situations. Here, we will be able to statistically compare all of these measures of variation with ecological and physiological variation. Correspondences among forms of variation that occur in many species will allow us to make informed judgments about the systematic importance of the charac- ters and will provide insight into the population genetic structure of yeast species in natural environments.
Materials and methods

Yeast strains
Thirty six strains of yeast were chosen from a collection of cactophilic yeasts maintained at Tennessee State University (TSU) by the ¢rst author. Table 1 gives the collection numbers of the strains (at both TSU and at the International Collection of Industrial Yeasts [DBVPG] of the University of Perugia), the host plant from which the strain was collected, and the collection locale. The TSU numbers begin with a two-digit pre¢x indicating the year in which the strains were originally identi¢ed. To con¢rm its identity, each strain was re-identi¢ed using a portion (eight tests) of the 65 assimilation and stress tests originally done to identify the strains. Because it is not known if long storage can cause changes to a strain's physiology, the physiology data gathered for the original identi¢cation were analyzed here. Physiological tests were done on de¢ned media as described in Lachance et al. [12] . For all tests on agar plates, the yeasts were inoculated onto the plates using a Denly multipoint inoculator, which leaves a circular mark on the plate where the end of the steel pins rested on the surface of the agar. The colony diameter of strains that grew strongly was more than 1.5 times the diameter of the original mark within 7 days after inoculation. Weakly growing colonies never exceeded the diameter of the original mark. Latent strains' colonies grew to a size su⁄cient to be considered strong growth but did not do so until after 7 days. (The plates were observed at 3, 7, 14, and 21 days.)
DNA^DNA reassociations
DNA for the reassociation studies was extracted as described previously [13, 14] . DNA quality was assessed by spectrophotometric readings at 230, 260 and 280 nm and by gel electrophoresis to check average fragment size. DNA solutions were diluted to 10 ng Wl 31 . Multiple dotblot reassociation [6] , was carried out using 10 of the 36 C. sonorensis strains as probes and the type strain of Williopsis salicorniae as an outgroup. The procedure was repeated twice and we found only non-signi¢cant variations among replicates.
RAPD procedure
DNA for RAPD ampli¢cation was extracted using the technique of Fell [15] with some modi¢cation. Cells were grown on YM agar plates, scraped into microcentrifuge tubes and disrupted with a Mini-Beadbeater 0 (BioSpec) in 500 Wl of extraction bu¡er (0.2 M Tris^HCl pH = 8.5, 0.25 M NaCl, 0.025 M ethylenediamine tetraacetic acid (EDTA), 0.5% v/v sodium dodecyl sulfate (SDS)). To the supernatant 350 W s 7.5) was added and the tube was vortexed. Chloroform (150 Wl) was added to the tube, which was vortexed, then centrifuged and the upper layer removed to a new tube. Chloroform (500 Wl) was added to the new tube, which was again vortexed and centrifuged. The volume of the upper layer was measured and 0.54 volumes of cold 2-propanol added to precipitate the nucleic acids. The DNA was pelleted by centrifugation and washed twice with absolute ethanol and allowed to dry. Once dry, 100 Wl of TE bu¡er (10 mM Tris^HCl, 0.1 mM EDTA, pH = 8.0) was added to the tube containing the pellet. The pellet was allowed to dissolve into the bu¡-er overnight at 55 ‡C. DNA concentration and purity were determined by ultraviolet (UV) absorption at 280 and 260 nm on a Pharmacia LKB Ultrospec Plus Spectrophotometer. Electrophoresis on a 1% agarose gel was used to determine that the DNA samples were of high molecular mass.
Prior to ampli¢cation, DNA samples were diluted with water so that 5 Wl of sample DNA contained 10 ng of DNA. Ampli¢cations were done in 50-Wl reactions containing 20 ng of sample DNA, 0.16 Wmol of each nucleoside triphosphate (NTP), 1.5 mM MgCl 2 , 0.068 Wg of primer DNA, and 10 units of Taq DNA polymerase (FisherBiotech, Bu¡er A). Preliminary work indicated that the best results were obtained with 20 ng of DNA and the recommended MgCl 2 concentration. Primer DNAs were 10-mers (kits A and B, Operon 0 , Alameda, CA, USA). Thirteen di¡erent primer DNAs (primers A-01, -02, -03, -04, -05, -06, -07, -09, -10, -11, B-13, B-15, B-16) were used. Because variation in the ampli¢cation procedure can increase error in the results [9, 16] , DNA from all strains was ampli¢ed with a single primer at the same time. To minimize reading error, ampli¢ed DNAs from all strains and a single primer were run on a single 20U25 cm 1.5% agarose gel (stained with ethidium bromide). Each primer was ampli¢ed twice from the same source DNA.
RAPD gels were photographed and the photographs scanned into digital form using an Apple ColorOne scanner. Image analysis was done with QuantityOne 0 (BioRad, Hercules, CA, USA) on an Apple Power Macintosh G3. Cladistic analyses were done with PAUP* v.4.0b2 [17] . Phylograms were generated using maximum parsimony. Parsimony scores were calculated using a step matrix that favored RAPD band loss to gain by a ratio of 60:1 [7] . The asymmetry is based on the assumption that the probability of a primer site loss is greater than the probability of a gain. A band is lost if a single base is altered by substitution at either primer site. Ignoring the lesser chance of double mutations, a band gain only occurs if a pair of potential primer sites is correct in 19 of 20 positions for 10-mer RAPD primer pairs. In such a situation, a gain occurs if the mutation occurs at the mismatch Table 2 Variable physiological abilities for C. sonorensis strains Growth at 3  3  2  1  3  3  3  3  3  3  3   7187  3  3  1  3  3  3  2  3  2  1  3  3  3  3  3  3  3   7188  3  3  2  3  3  3  3  3  1  2  3  3  3  3  3  3  1   7189  3  3  2  3  3  3  3  3  2  2  3  3  3  3  3  3  3  1  1   7190  3  3  2  3  3  3  3  3  1  3  1  3  2  3  3  3  3  1   7191  3  3  3  2  3  3  2  3  2  1  3  2  1  3  3  2  2   7192  3  3  3  2  3  3  2  3  2  1  2  2  2  3  3  2  1   7193  3  3  3  2  3  3  3  3  2  1  2  2  1  3  3  2  1   7194  3  3  1  3  2  3  3  3  3  2  3  3  3  2  3  3  1   7195  2  3  1  3  2  3  3  3  3  2  1  3  3  3  1  1   7196  3  3  1  3  2  3  3  3  3  1  2  3  3  3  1   7197  2  3  3  2  3  3  2  3  2  2  3  1  3  3   7198  3  3  3  2  3  3  2  3  3  3  3  3  3   7199  3  3  3  2  3  3  3  3  2  3  3  3  3  2  1   7200  3  2  3  3  3  3  3  3  1  3  3  2  2   7201  3  1  2  2  3  2  3  2  3  3  2  3  3  2   7202  2  2  3  3  3  3  3  3  2  3  3  1  3  3  2   7203  2  3  2  1  3  3  3  3  2  3  3  3  3  3  3  2   7204  1  3  1  3  3  3  3  3  3  3  3  3  3  1  1   7205  2  3  2  3  3  3  3  3  3  3  3  3  3  2 Blank = no growth, 3 = strong growth, 2 = latent growth, 1 = weak growth as described in text.
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site and the correct base is substituted for the mismatched base. For the RAPD primers used here, there is a one in 60 chance that a substitution is a change both to the correct base (a one in three probability) and at the right site (one of 20 positions for two 10-mer sites).
Electrokaryotyping
Chromosomal DNA was extracted with minor modi¢-cations of the original method by Cardinali et al. [18] . Pulsed ¢eld electrophoresis of the chromosomal DNA was carried out with a Gene Navigator apparatus (Amersham-Pharmacia Biotech ; Little Chalfont, Bucks, UK) using a 1% agarose gel in 0.5UTBE bu¡er at 7 ‡C. Optimal separation of the bands was achieved using a 60-h program consisting of ¢ve successive settings of the switching time : 60 s for 5 h; 90 s for 17 h; 105 s for 12 h; 250 s for 15 h; and ¢nally 320 s for 11 h. Pictures of the ethidium bromide stained gels were captured with a B/W camera (Kappa GmbH, Gleichen, Germany) coupled with a NuVista image card mounted on a Quadra 950 Macintosh computer.
rDNA sequencing
LSU rDNA sequences were ampli¢ed using NL1 and NL4 primers [19] with the following polymerase chain reaction (PCR) program: 95 ‡C for 2 min; 36 cycles consisting of 1 min at 94 ‡C, 1 min at 52 ‡C and 2 min at 72 ‡C; with a ¢nal extension of 8 min at 72 ‡C. After puri¢cation with the Jet Quick kit (Genomed GmbH, Bad Oeynhausen, Germany), sequencing was carried out by the MWG service (MWG Biotech AG, Ebersberg, Germany). Electropherograms were read with TraceViewer (http://www. codoncode.com).
The sequences were aligned using Clustal W [20] in con- Table 3 Relative DNA^DNA reassociation values when 10 C. sonorensis strains were used as probes H1  H2  H3  H4  H5  H6  H7  H8  H9  H10   7170  98  75  99  92  62  70  45  75  66  99  7171  H1  70  100  92  70  100  39  83  95  96  7172  93  72  73  61  56  81  29  65  56  99  7173  H2  98  96  91  81  100  42  100  100  100  7174  100  100  80  100  100  100  61  100  100  100  7175  100  100  100  99  90  97  59  99  100  100  7176  100  100  100  100  89  87  51  92  100  100  7177  100  100  100  100  86  100  61  100  100  100  7178  H3  100  100  100  70  99  54  98  100  100  7179  100  100  100  100  87  100  68  98  100  100  7180  98  99  100  92  83  100  47  89  100  100  7181  H4  100  100  100  84  100  49  94  100  100  7182  100  75  100  81  76  98  34  88  100  100  7183  100  82  100  100  100  84  54  100  100  100  7184  H5  100  100  89  100  100  55  88  100  100  7185  99  100  79  94  66  98  51  87  100  100  7186  99  100  99  100  78  100  54  98  100  100  7187  98  100  99  96  80  100  53  97  100  100  7188  99  100  100  99  94  100  68  97  100  100  7189  H6  98  100  100  98 84  7195  69  99  79  67  65  66  103  52  60  93  7196  H7  73  64  87  81  79  68  60  76  97  7197  83  84  88  84  70  72  100  72  87  99  7198  71  69  49  75  47  67  95  56  100  97  7199  76  74  62  81  51  72  88  60  68  99  7200  H8  100  100  100  100  82  100  54  100  100  7201  100  100  100  100  84  100  61  100  100  100  7202  96  100  100  100  85  100  49  83  100  99  7203  H9  95  100  100  90  88  92  41  74  99  7204  H10  78  100  78  85  62  73  18  61  67  7205  87  95  64  89  56  75  19  62  78  100  Outgroup  23  23  26  21  19  16  11  17  22  13 Values below 60% in bold. Blanks are 100% by de¢nition. W. salicorniae type strain used as the outgroup.
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junction with a second program, SOAP, v.1.05a [21] , that summarizes Clustal W alignments done with di¡erent penalties for gap initiation and extension. In this case, opening penalties were varied from 11 to 18 and extension penalties from 5 to 9. The ¢nal alignment used was the strict summary alignment (positions that were similarly aligned in all alignments). This resulted in the elimination of three blocks comprising 47 positions out of the total of 622 positions. Pairwise Tajima^Nei distances were calculated with Arlequin, v.2 [22] . Neighbor-joining phylograms (also based on Tajima^Nei distances) and bootstrap iterations were done with PAUP*, v.4.0b8 [17] . The large number of strains made maximum-likelihood tree construction impractical and the large number of equallength trees made parsimony construction similarly impractical.
Tests for similarity of outcomes among the several types of measures of variation were done with Mantel tests using the R package [24] . Table 2 summarizes the variable physiological characteristics. If we consider only the characteristics used by Meyer et al. [4] , there is more physiological variation within this species than previously reported. Meyer et al. [4] list only growth on ribose and propane-1,2-diol as variable traits. Only the ¢rst was tested here and 21 strains grew latently or weakly on ribose (the rest did not grow at all). Eleven more characteristics, reported as invariant by Meyer et al. [4] , varied among the 36 strains tested here. The ability to assimilate several carbon and nitrate sources (D-xylose, L-arabinose, ethanol, ribitol, D-mannitol, salicin, succinate, methanol, malate, ethylamine, and lysine) and to grow under stress (at 37 ‡C or in the presence of 10% NaCl) varied to some extent among our strains. Glycerol assimilation, listed as latent by Meyer et al. [4] , was variable among the strains tested here. Only those strains from West Texas (Big Bend National Park, Davis Mountains, and McDonald Observatory sites) grew latently. The rest of the strains did not grow on glycerol. Some characteristics used for cactophilic yeast identi¢cation but not tested by Meyer et al. [4] also were variable. The ability to assimilate glucono-D-lactone, to grow at 42 ‡C, or in the presence of digitonin, di¡ered among the 36 strains. With the exception of glycerol (see below), these di¡erences did not correlate perfectly with any of the groups identi¢ed by reassociation, RAPD, rDNA or karyotype analysis. It must be noted here that all 36 strains were easily identi¢ed as belonging to C. sonorensis when ¢rst isolated. In no case were their physiological pro¢les similar enough to any other described species (cactophilic or not) to make identi¢cation provisional.
Results
Physiology
Reassociation
Ten of the 36 strains were used as probes to assess variation in DNA reassociation values (Table 3) . Reassociation values (excluding the outgroup) varied from 103 to 18% and a portion (24%) of the ingroup reassociation values fell below the 70% cut-o¡ suggested as the minimum value for conspeci¢cs [25] . There is much more genetic variation than phenotypic variation. To extract information about patterns in DNA reassociation data, we used an ordination technique (principal coordinates analysis) [26] that is appropriate for proportional similarity measures such as DNA reassociation values. When the ¢rst two PCoA axes are plotted (Fig. 1) , nine strains from three sites (MacDonald Observatory, Davis Mountains State Park, and Big Bend National Park, all in) form a distinct cluster separate from the other 27 strains. One West Texas strain was used as a probe. The average reassociation value for comparisons between that probe (H7) and other West Texas strains was 95% but only 49% between that probe and the other 27 non-West Texas strains. For the other nine probes, the average reassociation value for comparisons among those probes and the 27 non-West Texas strains was 93% but only 69% for reassociations with the nine West Texas strains. A comparison of the variable phenotypic characters with the DNA reassociation results produced a perfect correlation between glycerol response and the suggested groupings: all of the West Texas strains were latent on glycerol and none of the other strains grew on glycerol at all. Three strains from Big Bend National Park in West Texas did not assimilate glycerol and did not cluster with the nine other West Texas strains in Fig. 1 . These three strains (DVPG7188, DVPG7189, and DVPG7190) were not collected at the same time as the other West Texas strains (1991 versus 1994^the ¢rst two digits of the TSU numbers in Table  1 indicate collection year). Table  3 . The ¢rst two axes are graphed. Axis 1 explains 71.4% of total variance ; axis 2, 14.3%.
RAPD
The 13 RAPD primers produced 276 detectable bands. Ten of the bands were monomorphic with each of the remaining characters positive ( = band present) in nine of the 36 strains, on average. Heuristic searching found a single most-parsimonious tree (30 searches starting from random trees), presented in Fig. 2 . Bootstrap replications (n = 1000) were used to assess support for the basal clades. The RAPD results agree with the reassociation results. The same nine strains from West Texas that formed a distinct group in Fig. 1 also form a monophyletic clade with 100% bootstrap support in Fig. 2 . Three additional basal clades had high bootstrap support. One included all but two of the strains from Australia, another both the Australian and West Texas clades, and the last was composed of all of the remaining strains. This large group did form two subclades with strong geographic correspondence (one primarily from Florida and the other mostly from East Texas), but these groups did not have signi¢-cant bootstrap support. The clade with most strains from East Texas also included the three strains from West Texas collected in 1991.
The in£uence of host plant on variation is not easy to glean from this data. The problem is that some host plants are found in only one local or region and so this factor is confounded with collection locale. The Texas strains provide some indication that di¡erent variants of C. sonorensis are not con¢ned to di¡erent Opuntia species. Six strains from the West Texas clade were collected from Opuntia engelmannii but so were the three West Texas strains not in the clade and many of the East Texas strains.
Electrokaryotypes
Fifteen distinct electrokaryotypes were found among the 36 C. sonorensis strains (Table 4 and Fig. 3 ). The most common patterns occurred in groups of six, ¢ve and four (twice) strains and these groups did not perfectly correspond with collection locales. For example, the largest group of six with the same electrokaryograms all came from Texas but included only one of the three strains from Utley and two of the three strains from Mason County. The group of nine West Texas strains identi¢ed in the reassociation analysis did not share the same electrokaryotype. However, all patterns found in this group were exclusive to this group. Haploid numbers included three, four, ¢ve, six or seven chromosomes and 10 distinct chromosome size classes were identi¢ed overall. All 36 strains had the largest chromosome and 22 had the second largest. Two smaller chromosomes were also common. No chromosome was exclusive to (or absent only from) the West Texas group.
Estimates of apparent genome size ranged from 4.15 to 11.1 Mbp, indicating the occurrence of several chromosomal rearrangements, perhaps supported by a high degree of non-homologous recombination [27, 28] . The nine West Texas strains were again distinct. Their average genome size (9.84 Mbp) was signi¢cantly larger (one-way t-test, P 6 0.0001) than the other 27 strains' average (6.48 Mbp).
rDNA sequences
Unaligned LSU rDNA partial sequences for the 36 C. sonorensis strains have been deposited in GenBank (accession numbers are in Table 1 ). The aligned region of 575 bp was polymorphic at 205 sites. There were 22 sites at which substitutions occurred (17 were transversions). The average pairwise di¡erence was 6.5 sites ( þ 3.2) out of 575 total sites. One strain stood out: DVPG7188, collected from O. engelmannii in Big Bend National Park in 1991 (not one of the West Texas group). Its sequence di¡ered from the other 35 sequences by an average of 20.7 sites and, with DVPG7188 removed, the average for the rest of the group fell to 5.7. This large di¡erence is unexpected, as 7188 did not stand out from the other strains in the reassociation, RAPD, electrokaryotype or physiology datasets. Indeed, the average reassociation value is 99% (excluding probe H7, from the West Texas group), indicating that it is clearly a member of the same taxon although the di¡erence in rDNA sequence is large enough to exclude it by commonly accepted criteria. Fig. 4 presents the neighbor-joining tree based on Tajima^Nei pairwise distances. Two additional sequences have been added to the analysis: the type strain sequences for C. sonorensis and W. salicorniae. The latter sequence is included as an outgroup and was chosen because it is a sister taxon of C. sonorensis [19] . There is no evidence of the geographically consistent clades found in Fig. 2 . Neither the West Texas group (collected in 1994) nor the majority of Australian strains form excusive clades as in Fig. 2 . Nine strains form a sister clade to the clade with the C. sonorensis type sequence but these strains are not from the same region nor are they physiologically distinct from other strains. There is no evidence of signi¢cant congruence between the RAPD and rDNA trees. The consensus tree is almost a star tree and agreement subtrees contain only 13 taxa. Both the Wilcoxon signed ranks and winning sites tests supported rejection of the hypothesis of no di¡erence between the trees (P values 6 0.01, separate tests were done based on the rDNA or RAPD data).
A notable di¡erence between the phylogenies is the lack of bootstrap support for any clades in the rDNA tree, whereas the RAPD tree has strong support for all basal clades.
There is considerable agreement among the datasets based on the variables measured here. Table 5 presents standardized Mantel tests for associations among the different data types. In addition to the data previously analyzed, a distance matrix based on geographic distances was included [24] . In general, there are positive associations among all of the datasets. For example, the Mantel results indicate that di¡erences among RAPD pro¢les are closely associated with reassociation di¡erences and less closely (although still signi¢cantly) with electrokaryotypes, physiological pro¢les, and geographic distances. The exception is that there is no congruence between the RAPD and rDNA datasets (indeed, rDNA does not have any signi¢-cant associations).
Discussion
C. sonorensis strains di¡er from one another no matter which of the characters used here are considered. Table 5 demonstrates that there is reasonable congruence among RAPD pro¢les, physiological pro¢les, reassociation values, electrokaryotypes and geographic distances, but that this correspondence does not extend to variation in rDNA sequence. There are some interesting implications for this ¢nding. Ribosomal DNA sequences are sometimes re- Table 4 for the Mantel's r analysis.
ported as a species-speci¢c character. The use of a single locus as a species identi¢er is tempting, for, if such a locus can be found, two important problems may be solved. If rDNA sequences are taxon-speci¢c, then each strain can be unambiguously assigned to a taxon. In addition, the phylogenetic history of the locus may be the history of the taxon. The data presented here do not unequivocally support the use of rDNA sequences for the purpose of strain identi¢cation. Within C. sonorensis strains from Opuntia, there is enough variation at this locus to make taxonomic designation di⁄cult using a published criterion [19] . It is important to note that the strains used here do Fig. 4 . Tajima^Nei neighbor-joining phenogram based on partial LSU rDNA sequences. Sequences from the type strains of C. sonorensis (accession number U70185) and W. salicorniae (accession number U75966) are included. Strain identi¢cation numbers are DVPG numbers. Strain 7188 is from an O. engelmannii rot sampled in East Texas. One thousand bootstrap replications produced no strongly-supported clades. Table 5 Mantel's r for associations among DNA^DNA reassociation values, physiologies, electrokaryotypes, rDNA sequences, RAPD pro¢les, and distance between collection sites; Mantel's r above diagonal a , P value (10 000 permutations) below diagonal not represent the entire species. They are restricted geographically and come from only one of the many hosts harboring this yeast. Presumably, including C. sonorensis strains from other locales and hosts would only exacerbate the problem. Also, variation below the species level makes it hard to trust the phylogeny of the locus as a stand-in for the entire genome. This does not imply that there is no taxonomic or phylogenetic signal in rDNA sequence variation, but does imply that rDNA sequences are only one source of information about the evolution of the taxon and must be evaluated in light of other genetic or phenotypic variation. The degree of similarity between the RAPD and reassociation data is high, given that the only experimental similarity was the strains themselves. The two datasets were generated with di¡erent techniques by di¡erent researchers in di¡erent laboratories. The advantage of reassociation data is usually assumed to be greater accuracy based on the large fraction of the genome used to make the comparisons. However, it appears that RAPD data sample a comparable region of the genome for this species. This is evident in the proportional similarity among RAPD pro¢les. To calculate this, pairwise distances were divided by the total number of possible mismatches (276 in this case) and these proportional distances were converted into similarities by subtracting them from 1 using Le Progiciel R 4.0D6 [24] . There was good overall correspondence between the proportional reassociation values in Table 3 and these proportional RAPD similarities. For example, the average RAPD similarity within strains in the West Texas group is 89%, within the rest of the strains 81% and between the West Texas strains and the other strains 66%. The corresponding averages from the reassociation data are 95, 85, and 68%. Although this correspondence between a long-accepted taxonomic measure and the more readily obtained and interpreted RAPD data is encouraging, it must be considered tentative until comparisons have been done for more yeast species. For instance, RAPD and AFLP (ampli¢ed fragment length polymorphism) data, both of which multiply sample the genome, may produce inhomogeneous results [29] . At this time, it is not known if the discrepancy results from the di¡erence in methodology or if it re£ects di¡erences among the genomes studied.
RAPD pro¢les have some practical advantages. Beyond the relative ease by which they can be generated, Table 5 demonstrates that they may be used to measure the impact of ecological factors such as geographic isolation, host shifts, and local adaptation on population genetic composition. They may provide evidence of local population differentiation not detected by reassociation data. Fig. 5 presents the ¢rst two PCoA axes based on RAPD pro¢les for C. sonorensis. As in Fig. 1 (based on reassociation data), the West Texas group is clearly separate from the rest. In addition, the majority of Australian strains form a separate group. In Fig. 1 , there was no separation of the Australian strains and those from Florida and East Texas (so they were given the same symbol). It is assumed that none of the Australian strains has been in that environment for more than 130 years. Although samples of cactus tissue from disparate geographic origins were brought to Australia as part of the Opuntia control program [30, 31] , it is not clear which microbes were subsequently introduced into the Australian environment. If many introductions took place, the Australian strains might preserve the original di¡erences and, therefore, would not be expected to form a single cluster, a distinct 'Australian' group, as in Fig. 5 .
The clustering of Australian strains in the RAPD data (Fig. 5 ) may be attributed to either the introduction of only a few strains or population dynamics in£uenced by the species' asexual reproductive mode. Even if many distinct strains were introduced, contemporary Australian strains may cluster together if adaptive sweeps have allowed locally adapted strains to replace many of the lineages originally introduced during the cactus control campaign. This means that asexual yeast populations may have high turnover rates. This possibility is supported by di¡erences among some of the West Texas strains. Six strains were collected from Big Bend National Park (Table  1) . Of these, three were collected in 1991 and three in 1994 but from the same locale. The three strains collected in 1991 all belong to the large clade mostly from East Texas and Florida (Fig. 2) . By 1994, the strains collected belonged to a di¡erent clade. As there were only six strains involved, the results may be due to chance, but the data are consistent with a turnover time of only a few years. This can lead to unexpectedly rapid changes in loci assumed not to be under selective pressure (such as the portion of the rDNA locus sequenced here) since all loci in asexual taxa are linked.
RAPD data have been published for other cactophilic yeasts: Pichia cactophila, Pichia norvegensis [32] and Pichia kluyveri [29] . Strains in those studies were collected Table 1 . The ¢rst two axes are graphed. Axis 1 explains 32.4% of total variance ; axis 2, 13.9%. from similar locales, host plants, and times (sometimes the same locale, host plant and time) as the strains analyzed here. Although it is impossible to compare RAPD pro¢les from di¡erent studies directly, we can compare the overall level of variation within each of these co-occurring species. For P. kluyveri, each band was found in an average 6.3 of the 46 strains studied. Seven bands were monomorphic out of 339 bands scored from nine RAPD primers and the average pairwise di¡erence between strains was 65 bands (19%). P. norvegensis is represented by too few strains (eight) to allow meaningful comparisons. Each P. cactophila band was found in an average of 7.6 of the 32 strains studied. No bands were monomorphic out of 133 bands scored from eight RAPD primers and the average pairwise di¡erence between strains was 38 bands (28%). Each band in the 36 strains of C. sonorensis studied here was found in an average of nine strains. Ten of the 276 bands were monomorphic and the average pairwise di¡erence between strains was 67 bands (24%). Thus, the overall levels of variation are similar within each species, although the species represent a range of sexual types. P. kluyveri is a sexual species ; P. cactophila is two-spored and has not been shown to mate, so it is assumed to be apomictic; and C. sonorensis is asexual.
It is interesting to note that the high level of variation observed in the chromosomal patterns cannot be caused by non-homologous exchanges or by legitimate cross-over between homologs of di¡erent length during meiosis, because C. sonorensis sexuality has never been observed. It is known that rapid microevolution can occur in Cryptococcus neoformans [33, 34] and Candida albicans [35, 36] at the chromosome level. However, evidence that this phenomenon is not restricted to pathogens [37, 38] indicates that it is not necessarily caused by adaptation to the extreme environmental conditions represented by a patient undergoing pharmacological therapy. It is harder to interpret the data on genome size because of the limitations of the electrokaryotyping technique. Genome size may be underestimated by the presence of overlapping chromosomal bands, i.e. bands containing di¡erent chromosomes of the same size. Overestimates can be produced by homologs of di¡erent size or by multisomy, both of which can produce an overestimate of both genome size and chromosome number. While the presence of di¡erent homologs is a natural phenomenon occurring in some yeasts [39] , overlapping bands are caused by the di⁄culty of di¡er-entiating bands of very similar molecular mass and can be assumed to be more common. These considerations suggest a conservative approach to the analysis of genome size based on the fact that larger estimates of genome size and chromosomal number are more reliable than smaller ones. In a study focused on the comparison of di¡erent strains of the same species, the absolute value of the genome size is less important than variation among the electrokaryotypes of individual strains. This means that variations of apparent genome size are important not per se, but because they represent change caused by chromosomal rearrangements, which can be used to trace the evolution of the organisms under study.
The average DNA^DNA reassociation value between the nine West Texas strains and the other 27 strains is surprisingly low. The average value is 95% among the West Texas strains and 85% among all other strains (strain DVPG7177 is included in the latter group). The average value for comparisons between strains from the two potential taxa is only 68% (Table 3) . This is just below the minimum value suggested for conspeci¢cs [25, 40] . Therefore, we must consider whether these strains should be given species status. The oldest conundrums in natural history and taxonomy are deciding which groups of similar individuals deserve a name and at which level of the taxonomic hierarchy to place the group. Cladistics may render the second problem moot, but it will not solve the ¢rst [41] , even if one restricts names to monophyletic groups. The criteria for these decisions vary with both the biology of the organisms studied and the interests of those making the decisions [42, 43] . There are many criteria in use but we will consider four that are commonly used for many di¡erent kinds of organisms. By the ¢rst criterion, C. sonorensis should be split into two species based on the data presented here. One taxon would include the nine strains collected from West Texas in 1994 and the other would include the remaining 27 strains. The two groups can be identi¢ed by a strain's response to glycerol as a carbon source (Table 2) . Each group forms a well-supported monophyletic clade in the RAPD analysis (Fig. 2) , so the second criterion is also met, at least for some types of data.
There is considerable variation among the rDNA sequences from C. sonorensis. Previous work has suggested that partial rDNA sequences varied little among strains from the same species. Kurtzman and Robnett [19] have suggested that as few as six substitutions (V1% of the sequence) are su⁄cient to distinguish species, whether the species are asexual or sexual. However, the rDNA tree would not produce the same species divisions as the RAPD data (Figs. 2 and 3) . The incongruence between the rDNA and RAPD datasets may be due to homoplasmy in the rDNA data. The third criterion is di⁄cult to assess because we do not know much about genetic distances within sister taxa. As discussed above, the level of RAPD variation is not higher than that found in other cactophilic species, although P. kluyveri has been split into named varieties.
Consideration of the biology of C. sonorensis under the last criterion above does not suggest that we may improve our understanding of cactophilic yeasts by dividing it into two taxa. C. sonorensis is asexual, which precludes using the convenient common gene pool rule. However, species are both genetic and ecological units. We would be inclined to divide C. sonorensis if this division re£ected ecological di¡erences but there is not su⁄cient evidence for this. The strains used here come from only a portion of the host and geographic range of this species. Assuming that more diversity will be uncovered as strains from more hosts and locales are studied, several scenarios are possible and only one would encourage us to divide the species based on the current data. If other locales or hosts represented distinct clades, some with average between-group reassociation values below the suggested speci¢c limit, then we would name each as a separate species as this would re£ect our understanding of the ecology of these yeasts. If data from newly collected strains tended to ¢ll in the gaps between the groups, variation would be continuous. New divisions would not re£ect any important ecological knowledge. If new varieties were constantly replacing older, less well-adapted varieties, then variation might be subject to sweeping genomic changes as genes hitchhike along with a single adaptive mutation. Under such dynamic conditions, making static divisions among clades might be counterproductive. Until we know which scenario applies, we will take a conservative approach to adding new taxa and resist the impulse to divide the species until further data become available.
